Methods for reduction of Volatile Organic Compounds (VOCs) content in air depend on the application considered. For low concentration and low flux, non-thermal plasma methods are often considered as efficient. However, the complex chemistry involved is still not well understood as there is a lack of datasets of byproducts formation. So as to overcome this issue, rapid analytical methods are needed. We present the coupling of a rapid chemical ionization mass spectrometer (CIMS) for the realtime analysis of the VOCs formed during a degradation experiment. The high resolution instrument used allows for chemical ionization and direct quantification of non-targeted compounds. We present degradation experiments of acetone in a photo-triggered nitrogen plasma discharge. Two regimes were highlighted: efficient conversion at low concentrations (<100ppm) and moderate efficiency conversion at higher concentrations (>100ppm). Those two regimes were clearly delimited as the sum of two exponential curves occuring at respectively low and high concentrations. Many by-products were detected, in particular HCN presented a significantly high yield. Nitrile compounds (acetonitrile, propionitrile,...) are formed as well. To a lower extent, ketene, acetaldehyde and formaldehyde are observed. The association of the high resolution mass spectrometer to the plasma reactor will allow further insights into the plasma chemistry and comparison to modelisation.
evaluated by GC-FID or GC-MS, or FTIR [17] [18] [19] . For example, the degradation of acetaldehyde 17, 20 , acetone 18, 21 or toluene 22 in nitrogen or in nitrogen/oxygen mixture plasmas produced in DBD or in PTD have been studied. Many organic byproducts have been identified among which hydrogen cyanide, hydrocarbons CH4, C2Hy=2,4,6 in nitrogen plasma, and oxygenated compounds such as formaldehyde or acetaldehyde in air. GC measurement delay is typically of a few minutes at best. However, a better time resolution would be very useful to draw a more complete picture of the processes going on in the gas mixture and to have a better understanding of the complex plasma chemistry. In order to measure the concentrations of the large number of compounds present in a plasma discharge reactor used for the degradation of a VOC a complementary method is necessary. Then to obtain a direct glimpse of the kinetic processes occurring in the plasma, it should analyze the mixture every few seconds, simultaneously for all compounds.
Chemical Ionization (CI) is a mass spectrometry ionization technique that enables direct and real-time analysis of gas mixtures. It is based on the reaction of a known ion, called precursor, with an analyte through an ion-molecule reaction. When chosen carefully, the precursor leads to a unique pseudo-molecular ion for each molecule of the mixture. Different families of compounds may be targeted according to the precursor used. One of the earliest CI methods uses precursor ions formed from CH4 23 . The CH5 + and C2H5 + resulting ions react with any kind of organic compounds, at the cost of extensive fragmentation. In the environmental chemistry field, the most common precursor is H3O + , formed from H2O. In that case, precursor formation and ion-molecule reaction with the analytes may be managed in an ion source where temperature, pressure and reaction time are controlled. The resulting technique, often called "Proton Transfer Reaction Mass Spectrometry" (PTR-MS) 24 , is therefore quantitative 24, 25 . The H3O + precursor has many advantages: it doesn't react with the major constituents of air (N2, O2, Ar, CO2, etc…); organic species such as oxygenated VOCs form a convenient MH + ion and fragmentation is limited 25 . Though, some molecules do not react with H3O + as they have lower proton affinities, in particular small alkanes and ethylene. As alkanes and alkenes are supposed to be byproducts of acetone degradation, use of other precursors is needed. Due to humidity interactions, many precursors are forbidden, such as those formed from i-C3H8, CH4 or CF4 26 . On the contrary, O2 + reacts by charge transfer with a large number of VOCs [27] [28] [29] [30] including ethane and NOX. The drawback is partial fragmentation in many cases. Finally, high-resolution mass spectrometry meets the need of the challenging direct analysis of a complex mixture without separation, as identification through molecular formula is made possible. Fourier Transform Ion Cyclotron Resonance Mass Spectrometers (FTICR/MS) are known for their very high resolution. However, use of a superconductor magnet makes these instruments non-transportable and expensive. Recently, Heninger et al 31 presented a compact FTICR/MS using a permanent magnet whose results allowed for rapid detection (a few seconds) and identification of targeted and untargeted VOCs. Internal design and configuration of the ICR cell 35 results in easy implementation of quantitative chemical ionization with numerous precursors.
In this work, we present an innovative coupling of the CI-FTICR/MS using multiple precursors such as H3O + and O2 + with a photo-triggered discharge reactor designed for kinetic studies on removal of VOCs in plasmas of atmospheric gases. This system is used for analysis in real-time of the gas mixture formed from acetone degradation reactivity. To demonstrate the coupling efficiency, we present first the comparison with GC measurements, then real-time results of acetone degradation and by-products formation, and, finally, its relevance for the understanding of acetone kinetics in the homogeneous plasma produced in N2/CH3COCH3 mixtures. The experimental data obtained will be of importance for further validating a detailed kinetic scheme developed for plasma chemistry models.
MATERIALS AND METHODS

Gas mix production
Acetone is available as a gas diluted in nitrogen at 1000 ppm (Crystal mix, B50 Alphagaz, AirLiquide).
Pure nitrogen bottle (B50, Alphagaz 1) is purchased from Air Liquide. The pressure in the total volume of the photo-triggered discharge reactor, VT = 8.85 L, is measured by an MKS baratron® gauge (MKS Instrument France, Le Bourget, France). Different concentrations of acetone are operated in the reactor by pressure adjustment for each gas addition until a total pressure of 0.46 bar, value chosen in order to ensure the homogeneity of the plasma from one current pulse to the next 17, 32 (see also below). Before each mix formation, the volume VT is emptied using a turbo-molecular pump at a residual pressure well below 0.1 mbar. First, gas is introduced from the 1000 ppm acetone bottle at a specific pressure depending on the final wanted acetone partial pressure. Afterwards, pure nitrogen gas is added up to 0.46 bar.
Plasma reactor
The operating principle of the photo-triggered discharge 'UV510' has been extensively described elsewhere 17, 32 . It is a kind of pre-ionized discharge allowing the production of a perfectly homogeneous nonthermal plasma between two metallic electrodes. The plasma reactivity proceeds during a short current pulse of 60 ns (electron collisions on molecules to produce atoms, radicals, excited states, ions and various reactions between these species). The discharge volume is VD=50 cm 3 , enclosed in a stainless-steel cell with a volume VC=500 cm 3 (Figure 1) . A compressor is used to produce a gas flow (7 L/s at 0.46 bar) through the inter-electrode space, in a closed loop with total volume VT much higher than VD, and the pulse repetition frequency (1 Hz) is chosen such that VC is completely renewed between two consecutive pulses. After each current pulse follows a long post-discharge period, during which the chemical reactivity between neutral species develops. The primary organic molecules progressively disappear in the gas mixture whereas stable by-products accumulate in VT as the mixture undergoes an increasing number of current pulses, each for equal deposited electrical energy in VD. Concentrations of molecules are measured in VT as a function of the number of pulses, noted ND (discharge number) in the text and figures. For the present experiment the deposited energy in the plasma volume, per current pulse, is 4.6 J/pulse (92 J.L -1 ).
Moreover, the number ND is equivalent to 1 s.
FTICR/MS instrument
BT4 is a compact FTICR/MS instrument (AlyXan, Juvisy-sur-Orge, France) 31 . The instrument is based on a Halbach permanent magnet 33, 34 , and allows for chemical ionization (CI) in the ICR cell as it makes use of a sequential introduction system. Typical analysis gives a complete mass spectrum (0-300 u) in 1 to 4 s 31 . Different precursor ions may be used in positive mode (H3O +25,35,36 , O2 + , CF3 +26 , C6H4F2.H +37 , etc...) and negative mode 38 (HO -, O -, etc...). As the ICR trap works sequentially, it is possible to switch during the same experiment between different chemical ionization precursors, and even between CI and electronic ionization (EI) 31 . However, this switch comes at the cost of time response.
For this study, it was decided to maintain only one CI precursor per experiment to obtain the best time resolution possible, as the discharge has a frequency of 1 Hz. Two different CI precursors were used: H3O + and O2 + . H3O + is a generalist precursor whose reactivity allows for identification of a large number of oxygenated or nitrogenated VOCs. It reacts by proton transfer and forms mostly one ion product (MH + ) whose mass is 1.008 amu above the mass of the neutral molecule.
H3O + is formed from the interaction of 40 eV accelerated electrons with a pulse of water vapor (P=10 - Association of the reactor and BT4 Figure 1 presents the association of the BT4 instrument and the plasma reactor. BT4 was adapted to the reactor through its "sniffer" inlet 34 . This inlet enables direct introduction of a gas from atmospheric pressure into the apparatus. The pressure drop is produced in two steps. The first drop is from atmospheric pressure down to a pressure of a few millibars using a needle valve and a membrane primary pump with a flow of 10 to 50 mL/min connected to a waste. The second drop uses a stainless-steel capillary (internal diameter, 130 μm; length 50 mm) placed before the three-way valve. To connect the inlet to the plasma BT4 sampling through the sniffer had a small, yet observed, influence on the tota pressure of the reactor. A steady decrease of the pressure was observed. After 20min, the pressure in the main gas loop was weakened by a maximum of 10%. It was then chosen to limit all experiments to 20min, i.e. 1200 discharges.
Gas chromatography analysis
During this study, use of gas chromatography widened the range of species observed and allowed for comparison to the FTICR measurements. The Gas Chromatograph was equipped with a Flame Ionization Detector (GC-FID; 7890A Agilent Technologies) and a split/splitless injector. Two separated columns were available in the GC: a Varian CP-PoraBOND-Q (25 m, 0.25 mm, 3 μm), for alkane analysis and a Varian Al2O3 (50 m, 0.32 mm, 5 µm) for oxygenated VOCs analysis. Each column had its separated injector, they were set to T=200°C for both columns. Oven initial temperature was set to 60°C during 5 minutes for both columns, then temperature ramps of 25°C.min -1 up to 130°C and 30°C.min -1 up to 120°C were applied respectively to the Porabond Q and the Al2O3 columns. The vector gas is helium at 0.5mL/min. The detector temperature was set at 300°C.
For a given acetone concentration, after a chosen number of discharges ND, samples of 1 cm 3 were pumped from the gas mixture by a Hamilton gastight syringe. Each sampling is done twice to analyze on both columns. This allows to investigate the global composition of the mixture. For each analysis, the experiment is renewed (filling, discharge, sampling). This technique gave good results for previous experiments on propane 39 , acetaldehyde 17 , and acetone 40 .
To be able to compare to BT4 (degradation speed and byproducts), GC measurements were conducted on a 500 ppm acetone initial concentration for 0, 125, 375 and 500 discharges. It has to be noted that the BT4 values are obtained during one experiment, when GC-FID results are obtained from 5 different experiments. BT4 is then efficient to provide real-time analytical results comparable to GC data. 
COMPARISON OF GC-FID AND BT4 RESULTS
RESULTS OF THE DEGRADATION EXPERIMENT
Acetone degradation
Acetone degradation was monitored at different initial concentrations: 500 ppm, 250 ppm, 100 ppm and 50 ppm. Concentrations of acetone at the beginning of each experiment were measured using BT4 calibration and were respectively: 488, 239, 114 and 45 ppm. The maximum deviation of the initial acetone concentration from GC values is 10%. Acetone concentration was monitored until it is well below 10 ppm. Figure 3 presents the real-time evolution of the acetone concentration during the degradation process.
For the four studied initial concentrations, acetone concentration shows an exponential-like decrease (Figure 3-a) . The characteristic number of discharges NC is respectively equal to 306±1, 265±2, 184±1 and 173±1. NC represents the inverse of the slope at initial time:
where C0 is the initial concentration. Furthermore, the initial quantity of acetone converted in the active discharge volume VD for one pulse, noted CD, is calculated according to:
where VT and VD are respectively the total volume of the plasma reactor (8.85 L) and the volume of the discharge (50 mL) and VT/VD represents a diluting factor. The values of CD are 305±3, 173±18, 118±12 and 50±5ppm/pulse for the initial concentrations respectively equal to 500, 250, 100 and 50 ppm.
For initial concentrations of 100 ppm and lower, CD is equal to C0; the acetone molecules present in the plasma volume VD are then entirely converted with one current pulse. On the contrary, for higher initial concentrations, CD is inferior to C0; the conversion with one current pulse is therefore not total; it drops from 66% of the molecules converted at 250 ppm to 57% at 500 ppm. The efficiency of acetone removal (defined by percentage of concentration removed) by the photo-triggered discharge is then greater for low concentrations than for high concentrations. This feature observed with BT4 corroborates previous results obtained using GC-FID 21 .
In Figure 3 -b, for the two lowest initial concentrations (50 and 100 ppm), the curves display one slope, as expected from a reactor where conversion of the acetone in the plasma volume is total for each pulse.
On the contrary, for higher concentrations, we observe a curvature separating two different lines with two different slopes. This is quite unexpected since we would have presumed a continuous deviation from exponential decrease of acetone concentration, represented as a curved line in the log scale.
The high concentration acetone degradation presents then a two steps process, each one defining a straight line on the curves in Figure 3 -b. The first step, for concentrations superior to circa 100 ppm, presents a constant slope, which indicates a different behavior from low concentrations, due to partial depletion of the acetone and accumulation of degradation products. In the second step, the slope appears close to the one observed for the lowest concentrations (i.e. C0 = 50 and 100 ppm).
In that second part of the degradation curves, NC is equal to 198±1 and 202±1 at, respectively, 250 ppm and 500 ppm initial concentrations. Those values are slightly higher than the NC obtained for the lowest initial concentrations (for instance at C0 = 50 ppm, NC is 174) suggesting a slightly lower efficiency of the degradation process during this second step. The precision is below 0.5 10 -3 u and athe ccuracy is 0.9 10 -3 u for the highest peak (isotope) and 2.5 10 -3 u for acetaldehyde ( Supplementary S3 ).
Real-time evolution of the concentrations of those species is presented in Figure 6 . All nitrile compounds and methanol present similar evolution patterns: a maximum is observed for a discharge number of 450. All those byproducts present a steady decrease afterwards. HCN achieves a maximum concentration of 280 ppm for an initial concentration of 500 ppm of acetone, which represents 18.7% of the total possible carbonated species from the initial acetone concentration. All the byproducts are eventually destroyed by the plasma reactor given sufficient time. Carbonyl compounds such as formaldehyde, acetaldehyde and ketene follow a slightly different regime as the maximum is obtained much sooner, after 200 discharges. Formation of those oxygenated species may be linked to different processes. 
INSIGHTS INTO PLASMA REACTIVITY
On the real-time data of acetone degradation, we observed a rapid slope change in concentration evolution, delimiting two different regimes: a high conversion regime in the plasma volume (~100% conversion) for low concentrations (typically less than 100ppm), and a low conversion regime for high concentrations (> 100ppm). The latter regime was highly dependent on the initial concentration, whereas the first one was only slightly dependent on it. The high concentration regime can be explained by a stoichiometric effect, presenting an excess of the sum acetone + byproducts compared to the reactive species. After degradation to the ultimate products, following several hundreds of discharges, stoichiometry is inversed and leads to a regime where reactive species are in excess.
All the more, BT4 brought new information on the products formed during the degradation process.
Previous GC-FID studies allowed to identify CO, CH4, C2H6 and H2 as major products 21 The observed degradation products presented a production-degradation profile. At first, they are issued from the degradation of acetone, but afterwards they are also destroyed by the plasma and/or their production is reduced due to the removal of upward species involved in the kinetic chain. Their concentrations decrease steadily at high discharge number, most probably owing to the increase of removal effect.
Acetone fragmentation is mainly governed by its quenching of the nitrogen metastable states. Previous studies on the UV510 reactor have suggested that it leads to the production of H, CH3, and CH3CO 21 , the exit route given in (3) being also observed in UV-photodissociation 41, 42 :
N2* + CH3COCH3 → CH3COCH2 + H + N2
Afterwards numerous compounds are formed in the mixture owing to radicals' reactivity, but the direct formation of H2, CH4, and CO by the quenching processes seems also plausible if one refers to studies about other VOCs 17, 21 .
Recombination of the CH3 radical with N radical would lead to HCN and H2 formation by:
Moreover, CH3 recombines into longer aliphatic chains and then with a CN radical or with another CN-containing species, giving rise to the nitrile compounds series (CH3CN, C2H5CN, C2H3CN and HC3N) observed in our study.
Recombination of CH3CO radical may explain the formation of the ketene:
Dihydrogen is formed as well. Many other recombination processes are leading to H2 formation.
To a lower extent, some formaldehyde is observed in the mixture. It may be explained by:
HCO + HCO → CH2O + CO
Finally, the coupling of Btrap instrument and the photo-triggered discharge reactor give a new insight of the chemistry occurring in a cold plasma. The real-time results are of great interest for an overall understanding of molecule kinetics in such a reactive medium. New reactivity paths, not specified before, can be highlighted following comparison between predictions of numerical models and measurements. In particular, the measurement of the HCN concentration profiles at different acetone initial concentrations should be of importance for the understanding of the acetone fragmentation process leading to production of the methyl radical and its recombination. Future works will attempt to resolve this issue.
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SUPPLEMENTARY INFORMATIONS
Figure S1
Calibration signal of acetone for known introduced concentration of acetone (between 0 and 500 ppm). Introduced concentrations are calculated from partial pressure measurement using a MKS baratron ® pressure gauge (MKS Instrument France, Le Bourget, France) calibrated to the atmosphere. Total pressure is 460mbar. The concentrations in BT4 apparatus are calculated according to Dehon et al 25 .
Figure S2
Comparison of GC-FID (tr=1.56min) and BTrap/O2 (C3H8 + ) results for propane. Both curves present the same shape. The Btrap concentration is calculated for kM=1.36 10 -9 cm 3 s -1 . The discrepancy at low ND is related to the FT treatment needed to deconvoluate the interferences at mass m/z 44 due to the first isotope of acetone fragment (CH3CO + ). 
